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  (i) 
Abstract 
The aims of this project were to investigate the mechanical properties of High Modulus 
Polypropylene (HMPP) fiber and hybrid E-Glass/HMPP flat panel and cylindrical 
specimens under tensile and impact loading situations, to determine whether the 
materials are suitable for absorbing blast and seismic loadings applied to civil 
infrastructure. 
Specimen production and testing was undertaken using the resources of the Center for 
Excellence in Engineered Fiber Composites (CEEFC) and the University of Southern 
Queensland Engineering Faculty. Tensile properties and drop weight impact tests were 
performed on HMPP test specimens to determine the mechanical characteristics and 
high strain rate energy absorption capacity of the material. Hybridization of subsequent 
sets of samples was performed to attempt to increase the structural properties of the 
specimens while maintaining a significant portion of energy absorption characteristics 
of the material. 
It was found that hybridization of HMPP materials with showed considerable 
improvements in both tensile strength and the impact capacity of some specimens. 
Glass/HMPP410 hybrid specimens, in particular, exhibited over 300% improvement in 
tensile strength while also increasing the impact resistance of more than 500% over the 
HMPP410 only specimens. These performance improvements were shown to have been 
possible while reducing the overall manufacturing cost of the specimens. 
Hybrid composite tubes tested also showed great improvement in energy absorption 
capacity and crushing efficiency over their HMPP only counterpart.  
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Chapter 1  Introduction 
1.1 Background 
Fiber reinforced polymer (FRP) composites have been around for several decades and 
have found extensive use in automotive, marine, sporting and military applications. 
More recently, FRP composites have been finding their way into civil infrastructure 
applications worldwide. Some of these applications include use in bridges, low cost 
housing and shelters, lightweight strengthening of existing buildings etc. 
The continued use and interest in infrastructure applications have seen many new 
innovations and development of existing techniques for the civil industry. Some 
emphasis has been put on the fibers themselves and hence, driven development of new 
fiber types. One such fiber is Innegra™ high modulus polypropylene fibers, which are 
formed from a variation of conventional melt spinning. 
Recent terrorist activities in the last decade and persistent earthquake activity 
throughout the world has sparked development of FRP composite applications for 
attenuation of these blast and seismic forces. The main objective of this development is 
to attempt to provide extra reinforcement or protection of civil infrastructure and 
prevent catastrophic failure of its members, which are conventionally manufactured 
from reinforced concrete (RC). 
This project will focus on evaluating the mechanical properties, impact resistance and 
crushing load capacity of HMPP material and hybrid applications of HMPP/E-Glass 
through tensile testing, drop weight impact testing and the crushing of cylinders. The 
purpose of this testing is to determine the materials ability to be used in blast and 
seismic load attenuation. 
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1.2 Project Aim and Objectives 
The aim of this project is: 
1. To evaluate the energy absorption and mechanical performance of high impact 
capacity material (such as High Modulus Polypropylene (HMPP) fibers) 
through investigation of its mechanical properties by quasi-static tensile testing, 
drop weight impact testing and high-strain rate compressive testing of cylinders. 
2. To determine the effect of hybridization of HMPP fibers with E-Glass fibers. 
3. To determine the viability of using these materials in high impact loading 
scenarios such as blast and seismic loading. 
The research objectives of the project are categorized below: 
1. Perform a review of literature and discussion on fiber reinforced polymers 
including background information on common constituents and their current 
uses in civil infrastructure, potential threats to civil infrastructure structures, 
current and potential counter measures against these threats and an analysis of 
potential hazards that will be encountered while producing and testing 
specimens. 
2. Manufacture HMPP and E-Glass/HMPP hybrid specimens that are appropriate 
for tensile, drop weight impact testing 
3. Manufacture HMPP and E-Glass/HMPP hybrid tube specimens that are 
appropriate for high strain rate crush testing. 
4. Collect data from testing of specimens. 
5. Compare data collected from testing of HMPP and hybrid specimens. 
6. Determine the viability of using HMPP fibers in civil infrastructure for 
attenuation of blast seismic loading scenarios. 
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1.3 Structure of Dissertation 
The execution of this required research to be conducted. After this introductory chapter, 
Chapter 2 explores FRP composites, their advantages and disadvantages and some civil 
applications. Some current threats to civil infrastructure is then explored including 
current terrorist activities and seismic activity throughout the world. In response to this, 
possible methods of strengthening of civil infrastructure are reviewed. 
Chapter 3 will provide further information on the current available constituent materials 
commonly used in FRP composites in civil applications. This will also include a 
detailed description of HMPP fibers and a brief overview of the manufacturing 
technique used to make these fibers. This chapter will also give a detailed description of 
the epoxy resin used throughout this project. 
Chapter 4 will provide a detailed description of the methodology used for manufacture 
and experimentation techniques used to evaluate the properties of the HMPP fibers. 
This includes the wet-layup up panels, manufacturing tubes, machining specimens, 
tensile testing, drop weight impact testing and the compressive crushing of cylinders. 
Chapter 5 explores the results obtained from experimentation paying particular attention 
to the various failure modes and behavior of specimens under loading. 
Chapter 6 will provide a summary of the project, conclusions arrived at from the 
undertaking of the project, and areas for future research will be highlighted. 
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1.4 Summary 
Due to the number of earthquakes and increasing terrorist activity aimed at critical 
infrastructure around the world, a solution is needed to strengthen these assets and 
prevent failure that would endanger lives. One of the solutions in achieving this is to use 
FRP composites to strengthen these structures. Due to the nature of the loading 
scenarios, a reinforcing material is required that can efficiently absorb the impact loads. 
This project will explore the mechanical and impact absorption properties of high 
modulus polypropylene (HMPP) fibers for this kind of application. 
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Chapter 2  Literature Review 
2.1 Introduction 
FRP composites date back to the 1940’s where they were used in the defense industry. 
Fiberglass was instantly recognized for it high strength to weight ratio and its inherent 
resistance to weather and corrosion. The ability to mold FRP’s into complex shapes was 
very appealing to designers. In the 1960’s, FRP composites saw major growth in the 
construction industry. During this period there was major research into resins, catalysts 
and accelerators that paved the way for more convenient production techniques 
(Hollaway 2003) Now the composites industry is thriving, reaching into the sports, 
automotive, aerospace, marine and increasingly, the civil infrastructure and construction 
industries. 
With ageing infrastructure, diminishing natural resources, increasing expectations of our 
standard of living rapidly increasing populations providing challenges for engineers, 
many are finding answers with FRP composite alternatives. The industry continues to 
be heavily researched and developed for civil applications. 
A review has of available literature on FRP composites has been conducted and 
includes background information on fiber reinforced polymer composites, the types of 
FRP’s available and advantages of using FRP’s over traditional materials. Applications 
of FRP composites in civil infrastructure and the construction industry have been 
reviewed and sever examples cited. Further to this, possible threats to civil 
infrastructure are identified and in response to these threats, possible methods of 
strengthening reinforced concrete structures have been identified and discussed. A risk 
management analysis has been performed to identify and evaluate any possible hazards 
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that may be encountered while working with test specimens. The chapter finishes up 
with a summary of the literature that has been reviewed including any shortfalls of the 
research conducted. 
2.2 Fiber Reinforced Polymer Composites in Brief 
The purpose of this section is to provide background information on the various types of 
fiber reinforced polymer (FRP) composites that are available and further explain the 
difference between fiber categories and fiber types. 
2.2.1 FRP Composite Description 
In order to qualify as a composite, a material must consist of two or more distinct 
constituent materials or phases that exhibit significantly different physical properties. 
For a fiber composite there are generally 2 constituents of significantly different 
mechanical properties. The first being the discontinuous phase of fibrous material 
providing reinforcement to the composite. This material generally has a much higher 
modulus and strength than the other constituents. The other being the continuous phase 
that that surrounds and interfaces with the continuous phase. This material is known as 
the matrix. The result is a material that posses mechanical properties that cannot be 
achieved with either constituent acting on its own. The mechanical properties of FRP 
composites are strongly influenced by the properties of their constituent materials, their 
distributions and the interactions between them (Agarwal & Broutman 2006).  
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2.2.2 FRP Composite Types 
Fiber composites can be broken up into two categories according to the fiber geometry. 
A continuous-fiber-reinforced composite, as the name suggests, consists of long fibers 
generally grouped together and wound to a spool of woven into a fabric or textile and 
rolled onto cylinders. Continuous fibers are laid in alignment and may consist of many 
layers orientated in directions between        depending on the desired mechanical 
influence. The fibers are generally saturated with polyester, vinylester or epoxy resin to 
form the matrix and cured.  
A discontinuous-fiber-reinforced composite on the other hand consists of short free 
fibers approximately 10 to 50 mm in length. The orientation of the fibers cannot be 
controlled during the manufacturing process and is assumed to be random. Short-fiber 
composites are manufactured by mixing the fibers into liquid epoxy before pouring into 
a mold and cured (Agarwal & Broutman 2006). Alternatively, the short fibers are 
manufactured into matting and saturated with polyester, vinylester or epoxy resin to 
form the matrix and cured. Common manufacturing processes for FRP composites 
include:  
 Wet Layup  
 Bag Moulding 
 Resin Transfer Moulding  
 Filament Winding  
 Pultrusion 
The type of fiber being used, final application of the product, number of products being 
produced, curing requirements and cost of manufacture generally determine the type of 
manufacturing process required. 
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2.2.3 Advantages of FRP Composites 
Some advantages of these materials include low weight and high strength, improved 
corrosion resistance and durability, ease of transportation and instillation and lower 
energy consumption during manufacture (Aravinthan 2008) transport and instillation. 
Recent developments in technology and manufacturing techniques have provided a 
foundation to which fiber composite materials can be developed and optimized for use 
in areas where more traditional materials such as steel and concrete have dominated the 
market share in the past. In some cases fiber composites are being used to strengthen 
existing structures that have been weakened by fatigue and corrosion. With a recent 
focus on reducing greenhouse emissions and other pollution into the atmosphere, some 
researchers and companies have adjusted the aims of their developments to include 
elements of energy consumption and long-term sustainability.  
2.3 Civil Applications 
With cheap building supplies such as concrete and steel readily available to builders the 
need and indeed the uptake of incorporating fiber composites into civil building 
structures had been slow in comparison to other areas such as the automobile, 
aeronautical and boating industries. As these natural resources diminish engineers and 
builders will be looking to other materials for construction such as ‘green-cement’ and 
fiber reinforces composites. In recent years the price differential between composites 
and traditional building materials has been narrowing (Burgueno et al 1997) paving the 
way for research, development and implementation of fiber composite structures. 
In the past two decades or so there has been a lot of research and development into 
incorporating fiber composites into civil infrastructure projects. The use of fiber 
composites can be a structurally viable and cost effective alternative to more traditional 
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materials under certain circumstances. As capital cost is a major factor in civil projects 
fiber composites seem to only be used when the unique material properties are 
advantageous to the cost of the structure. For example, when the cost of producing a 
fiber composite bridge girder is cheaper than using a timber girder which is a more and 
more feasible situation as our natural timber reserves diminish and become a much 
more expensive commodity. 
The use of FRP composites in bridge decks and girders presents several improvements 
on traditional systems that have been previously. Especially for bridge decks which 
require the largest amount of maintenance of all the bridges superstructure components 
(Hollaway 2003), mainly due to the degradation of the wearing surface from weather 
and trafficking.  
Replacing of bridge girders as presented many advantages such as cost savings and 
increased strength to weight ratio over wooden girders. To date there have been many 
bridge rehabilitation and construction research, development and construction projects 
undertaken for pedestrian footbridges as well as motor vehicle trafficked bridge 
structures (Bourgoyne 1999, Keller 1999, Asamoto et al 2007, Epaarachchi et al 2008). 
The first two-span continuous girder FRP composite footbridge was constructed in 
Okinawa, Japan in 2001. The bridge was constructed in a heavily corrosive 
environment; therefore glass fiber reinforced polymer (GFRP) was used (Hai et al 2010). 
As GFRP typically has low stiffness and strength in comparison to some other FRP 
composites, researchers have realized that it may not be suitable for bridge construction 
where there are considerable loads. Researchers have therefore begun exploring hybrid 
alternatives (Hai 2010, Asamoto et al 2007). Figure 2.1 shows two examples of hybrid 
girders. 
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(a)      (b) 
  
Figure 2.1 (a) hybrid composite bridge girder and (b) hybrid GFRP and CFRP I beam 
Some researchers (Hai et al 2010, Asamoto et al 2007) have experimented with hybrid 
I-beams utilizing GFRP and Carbon fiber reinforced polymers (CFRP). Hai et al (2010) 
have shown that the addition of CFRP to the girder can increase its stiffness and 
strength. However, the beams failure mode changed from tensile failure to compressive 
failure and delamination at the top of the beam due to the increased tensile strength. 
Fiber composite bridges are being experimented with in Australia as it mainly forest 
wood bridge structures, over 50% of which were built before 1940 begin to show signs 
of ageing and environmental degradation. The first Australian road bridge was installed 
in 2003. The hybrid construction consisted of 350mm deep box girders formed using 
glass-reinforced isophthalic-polyester pultruded profiles with CFRP tensile 
reinforcement incorporated into the base to increase the girders stiffness. The high 
compression strength of concrete was utilized as a 100mm deep compression flange. 
(Van Erp et al 2006). The design boasted an installation period of only 5 days instead of 
8-10 weeks for construction by conventional methods, 90% savings on traffic control 
costs and 75% savings on bridge transport costs. 
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(a)  
(b)   
Figure 2.2 (a) Pontresina bridge and  (b) Aberfeldy bridge 
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2.4 Threats to Civil Infrastructure 
2.4.1 Terrorist Bombings 
Threats to civil infrastructure from explosions are becoming an increasingly frequent 
and global reality (London (2005), Madrid (2004), Istanbul (2003), Bali (2002) and 
New York (2001)). There were more than 11,000 terrorist attacks globally in 2005 
killing more than 14,600 people. Preventative measures are required in order to protect 
structural members and reduce the likelihood of catastrophic failure of load bearing 
members such as beams, pillars and columns, avoid human casualties. Likely targets 
include critical government, military and corporate buildings, strategic bridges and 
transport terminals, chemical, petroleum and nuclear plants (Buchan & Chen 2007). 
Consequently, there is now a need to consider these threats when designing new 
buildings and consider retrofitting venerable buildings with blast resistant materials. 
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2.4.2 Seismic Activity 
Earthquakes around the world contribute to a significant amount of death each year. In 
2004 and 2010 over 200,000 lives were lost (Table 2.1).  
Table 2.1 Number of earthquakes worldwide for 2000-2010 (earthquake.usgs.gov) 
Magnitude  2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 
8.0 to 9.9  1 1 0 1 2 1 2 4 0 1 1 
7.0 to 7.9  14 15 13 14 14 10 9 14 12 16 18 
6.0 to 6.9  146 121 127 140 141 140 142 178 168 142 129 
5.0 to 5.9  1344 1224 1201 1203 1515 1693 1712 2074 1768 1855 1441 
4.0 to 4.9  8008 7991 8541 8462 10888 13917 12838 12078 12291 6830 7302 
3.0 to 3.9  4827 6266 7068 7624 7932 9191 9990 9889 11735 2903 3342 
2.0 to 2.9  3765 4164 6419 7727 6316 4636 4027 3597 3860 3013 3210 
1.0 to 1.9  1026 944 1137 2506 1344 26 18 42 21 26 22 
0.1 to 0.9  5 1 10 134 103 0 2 2 0 1 0 
No Magnitude  3120 2807 2938 3608 2939 864 828 1807 1922 18 21 
Total  22256 23534 27454 31419 31194 30478 29568 29685 31777 * 14805  * 15486 
Estimated 
           
Deaths 231 21357 1685 33819 228802 88003 6605 712 88011 1787 226215 
 
In addition to the damage that may be caused to civil infrastructure through bombings 
as indicated in Section 2.4.1, there is significant threats to buildings and life from 
susceptible to seismic activity. Earthquakes are described as oscillatory in nature and 
can range in magnitude from hardly noticeable to total destruction (Table 2.3). 
Earthquakes occur as a result of release of energy from the earth’s crust. As tectonic 
plates move below the earth’s surface, the crust that lies on top is subject to strain. 
Energy is built up in the crust until it experiences a failure and hence release of energy.  
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Table 2.2 Typical magnitude/intensity relationship 
Magnitude Typical Maximum 
Modified Mercalli Intensity 
1 - 3 I 
3 - 3.9 II – III 
4 - 4.9 IV – V 
5 - 5.9 VI – VII 
6 - 6.9 VII – IX  
7 and higher VIII or higher 
 
Table 2.3 Modified Mercalli Intensity Scale 
Intensity Observed Effects of Earthquake 
I Not felt except by a very few under especially favorable conditions. 
II Felt only by a few persons at rest, especially on upper floors of buildings. 
III Felt quite noticeably by persons indoors, especially on upper floors of 
buildings. Many people do not recognize it as an earthquake. Standing 
motorcars may rock slightly. Vibrations similar to the passing of a truck. 
Duration estimated. 
IV Felt indoors by many, outdoors by few during the day. At night, some 
awakened. Dishes, windows, doors disturbed; walls make cracking sound. 
Sensation like heavy truck striking building. Standing motorcars rocked 
noticeably. 
V Felt by nearly everyone; many awakened. Some dishes, windows broken. 
Unstable objects overturned. Pendulum clocks may stop. 
VI Felt by all, many frightened. Some heavy furniture moved; a few instances 
of fallen plaster. Damage slight. 
VII Damage negligible in buildings of good design and construction; slight to 
moderate in well-built ordinary structures; considerable damage in poorly 
built or badly designed structures; some chimneys broken. 
VIII Damage slight in specially designed structures; considerable damage in 
ordinary substantial buildings with partial collapse. Damage great in poorly 
built structures. Fall of chimneys, factory stacks, columns, monuments, and 
walls. Heavy furniture overturned 
IX Damage considerable in specially designed structures; well-designed frame 
structures thrown out of plumb. Damage great in substantial buildings, 
with partial collapse. Buildings shifted off foundations. 
X Some well-built wooden structures destroyed; most masonry and frame 
structures destroyed with foundations. Rails bent. 
XI Few, if any (masonry) structures remain standing. Bridges destroyed. Rails 
bent greatly. 
XII Damage total. Lines of sight and level are distorted. Objects thrown into 
the air. 
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The majority of these events occur on or near fault lines. An earthquake is strongest at it 
epicenter and becomes weaker with outward distance due to damping effects of the 
earth’s surface. The amount of damage caused by an earthquake is characterized by the 
amount of observable damage it inflicts on structures (Table 2.3). The primary factors 
that influence the magnitude of earthquake damage are (Lindeburg, 1996): 
 Earthquake characteristics; such as, peak ground acceleration, duration of 
strongest shaking and length of fault rupture. 
 Site characteristics; such as, distance between epicenter and structure, geology 
between epicenter and structure and soil conditions at the site. 
 Structural characteristics; such as, natural period of damping of the structure, 
age and construction method of structure and seismic provisions included in 
design. 
Cyclic loading on a structure can cause serious damage to a building and degrade the 
concrete and reinforcing bar strength in RC beams and columns. FRP composite 
retrofitting of RC columns can reduce the amount of deterioration of the concrete 
member under cyclic loading scenarios as well as improve the overall capacity of the 
member (Pendhari et al, 2008). 
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2.5 Strengthening Infrastructure Assets 
2.5.1 Sacrificial Cladding 
Recently, several researchers have been investigating the blast response of fiber-
reinforced composites (Palanivelu et al 2010). The engineering community had put 
forward many ideas and if anything, demonstrated the need for composite fibers able to 
distribute energy throughout the structure and/or fail in a way that absorbs as much 
energy as possible. 
Sacrificial cladding has been identified as a viable solution for distributing blast forces 
throughout a structural member reducing the chances of failure (Figure 2.3). Palanivelu 
et al (2010) have investigated the crushing performance of nine different geometrical 
shapes of glass/polyester composite tubes filled with polyurethane foam for use in 
sacrificial cladding.  
 
Figure 2.3 Sacrificial cladding for beam/pillar/wall (Palanivelu et al 2010) 
The purpose of the study was to determine the energy absorption characteristics of each 
shape as well as the effect of adding foam to the core of the tube. The different shapes 
included, square, cylindrical and hexagonal with wall thicknesses of 1 and 2 mm 
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(Figure 2.4). The composite tubes were manufactured using a hand layup technique 
using uni-axially reinforced E-Glass fabric fiber. Synolite 1408-P-1 polyester resin was 
used as the matrix for the composite tubes. For a quasi-static compression test, a wall 
thickness (t) to diameter (D)/width (W, for non-circular cross-section) ratio of 0.015 to 
0.25 was required to ensure progressive crushing of the tube was attainable. 
 
Figure 2.4 (a) Triggering of specimens, (b) Composite tube specimens (Palanivelu et al 2010) 
 
The specimens were prepared by using polyurethane mandrels as a core material with 
which to wrap the E-Glass fabric using the wet-layup technique. The mandrels were 
mounted on a rotating apparatus so that the mandrel may be slowly rotated as the Glass 
fabric is applied. The polyester resin was applied progressively as the glass fabric was 
wound taking special care to ensure the orientation of the glass fibers was not altered 
(held parallel to the principal axial direction of crushing). The tubes were cured allowed 
to cure at room temperature for a period of at least two hours while the mandrels 
continued to spin. This ensured a smooth finished surface. The tubes were then cured at 
room temperature for 24 hours followed by baking at 60 degrees Celsius for a further 24 
hours and finally baked at 80 degrees Celsius for another 24 hours as per the supplier’s 
recommendation. After the tubes were fully cured, the foam mandrels were removed 
   29 
using special tooling. A chamfered edge of 45 degrees was tooled to the end of the 
specimen that will be loaded to ensure initiation of any damage would occur at this end 
(Triggering). 
Axial compression testing was performed with an electro mechanical Instron 4505 
material testing machine with a quasi-static crosshead displacement of 10mm/min. 
Despite using a hand-layup technique to manufacture the tubes, the results were 
reasonably consistent. A minimum of four tests was performed on each tube 
configuration to gather sufficient experimental data to calculate average crushing 
parameters of the fiber composite tubes. 
The specific energy absorption (         ) normalized with respect to mass, mean 
crushing load (           ) and crush efficiency (        ) were calculated to better 
understand the energy absorption effectiveness of each tube. 
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Where,   ( )  is the instantaneous crushing load corresponding to the instantaneous 
crushing deformation length   ;      is the maximum or total deformation length (70 
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mm);    is the mass of each composite tube for 70 mm length. Similarly, the mean 
crush load (     ) of each composite tube and the corresponding crush efficiency (  ) 
throughout the crushing process. 
Analysis of the results of experimentation showed that the tubes failed through 
circumferential delamination, axial cracks, lamina bending and fiber fracturing. It was 
found that geometry of the tubes played a significant role in the energy absorption 
ability of the tube as square and hexagonal tubes with a t/W similar to the t/D of a 
cylindrical tube of same length suffered catastrophic failure from sudden initiation and 
propagation of axial cracks for a 1mm thick specimen. Hour-glass types A and B as 
well as conical circular type tubes showed uniform and progressive crushing failure 
modes.  
While this investigation has focused on the energy absorption characteristics of tubes as 
a possible core structure of the sacrificial cladding system, Further testing targeted at an 
appropriate flat plating material incorporating superior energy wave attenuation to that 
of glass fiber or inorganic phosphate cement may be desirable to improve the function 
of the outer skin. 
2.5.2 Retrofitting with FRP Composites 
Another technique has become popular worldwide for reinforcing existing structures 
against seismic and blast damage and rehabilitation of deteriorated structures is 
retrofitting with fiber reinforced polymer composites (FRP). This had become popular 
due to the strength to weight ratios and corrosion resistance of FRP materials. Hence, 
providing a significant advantage over bonded steel plate or bulk concrete 
reinforcement. A comparison of the two techniques can be seen in Table 2.4. 
Application of FRP composite confinement will result in higher axial compressive 
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strength and ductility to the RC member (Buchan & Chen 2007). Furthermore, the use 
of certain FRP’s can provide a medium for which to absorb and distribute blast energy 
within itself. 
 
Table 2.4 Comparison of retrofitting techniques (Shinozaki et al 2007) 
 
Application of FRP composites to existing structures involves, firstly treating the 
surface to remove any weak or degraded material. A coat of primer is then applied 
followed by a coat of bonding resin (usually epoxy). Fiber sheeting is then applied to 
the surface. The sheeting is rolled to endure that any air deposits under the surface are 
removed. A final coating of epoxy and protective coating is then applied. The process is 
depicted in Figure 2.1. 
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Figure 2.5 Application of FRP composites to existing structures (Shinozaki et al 2007) 
 
Another method of retrofitting existing structures with FRP composites, used where 
sheet wrapping methods are unfeasible is bonding pre-cast FRP panels to the exterior of 
the members with epoxy (Figure 2.6). The gaps between the sheets a later filled with 
epoxy resin. 
 
Figure 2.6 Externally bonded FRP panels (Shinozaki et al 2007) 
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Retrofitting with FRP’s can be achieved rapidly and in-situ. The process is non-
intrusive so it will not use any of the building available floor space, which can be at a 
premium in buildings in dense metro areas. Research has shown that this method can 
greatly reduce damage to a member subject to blast by increasing structural strength and 
reducing fragmentation.  
 
Figure 2.7 Application of AFRP sheets in building structures (Shinozaki et al 2007) 
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Blast testing of RC panels retrofitted with externally bonded glass fiber reinforced 
laminates bonded externally performed by Razaqpur et al (2006) showed that significant 
blast resistance and residual strength could be attained. The 1000 x 1000 x 70 mm RC 
panels reinforced with E-glass uniaxial fiber reinforced polymer with the principal fiber 
axis orientated perpendicular to the bending axis showed considerable resistance to blast 
loads produced with 22.4 kg of ANFO at a standoff distance of 3.1m. The post-blast 
static strength of the retrofitted panel was 75% higher than that of the companion un-
retrofitted panel. 
Buchan & Chen (2007) conducted a literature review of retrofitting experimentation and 
computer modeling conducted prior to 2007. Effects of reinforcement on RC walls, 
slabs, beams and columns and masonry walls were reviewed. A variety of materials 
were used swell as several different explosion techniques including TNT, PETN and C4. 
It was concluded that retrofitting with FRP generally increased the blast resistance of 
members, particularly RC beams and slabs.  
It was also noted that research by Muszynski and Purcell (2003), indicates aramid/glass 
hybrid reinforcement performed better than the same thickness of carbon fiber 
reinforcement. Lawver et al (2003) indicated that Glass fiber and Carbon fiber yield 
similar results when used for strengthening structures against blast forces. The use of 
aramid is further supported by research presented by Shinozaki et al (2007); the article 
indicates that cost and time saving can be achieved by using aramid due to easier 
finishing of the edges. 
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2.6 Safety and Risk Management 
The consequential effects of this project involve conducting a risk assessment whereby 
all of the associated risks and safe guards are documented. Risks are encountered 
throughout and beyond the execution of the project therefore it is important to establish 
a level of continuing responsibility. 
2.6.1 Risk Identification/Evaluation 
As a student undertaking independent research I have a responsibility to ensure that 
nothing is done to health and safety provisions less effective as I perform production 
and experimentation of specimens. 
During the manufacturing, tooling, experimentation and waste disposal associated with 
this project there is a high likelihood of been exposed to a range of hazards. These 
hazards can mostly be avoided through the adoption of careful planning, technique and 
the use of personal protective equipment (PPE). These hazards associated with each task 
are listed in Table 2.5. 
Table 2.5 Risks associated with experimentation 
Activity Hazard Description / Consequences / Significance / Likelihood 
Manufacturing During the fabrication of fibers composite samples there is a hazard 
associated with the sharp fibers in the fabric as well as the resins. 
Resins: The polymers used in the composite matrix can cause skin 
irritation and even organ damage in extreme cases. The fumes from 
resins, solvents and curing agents may cause symptoms such as 
nausea, headaches dizziness after extended exposure.  
Fibers: Skin contact with small diameter fiber materials can cause 
skin irritation and small splinters.  
Tooling While tooling samples in preparation of testing there may be 
exposure to airborne micro particles caused by sawing or tooling the 
composite material. This can cause repertory problems later down 
the track and should be avoided. 
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The use of tools also poses a direct hazard to the operator and/or 
assistant. Such hazards may include potential risk of being harmed 
by electricity, tool failures and in-proper technique. 
 
There is also a risk of electrical shock that may arise from faulty 
electrical tools, leads or adapters. All equipment should be checked 
by a licensed professional and tagged according to the Australian 
standard. 
 
After tooling or machining the resultant product may have sharp 
edges or protruding fibers, contact with such material may cause 
harm and should be avoided. 
Experiments During experimentation there are possible hazards that may arise 
from the testing equipment as well as dust, fibers and debris from the 
sample due to the destructive nature of testing.  
 
2.6.2 Risk Control 
The following action plan was used to control risks throughout the production and 
testing phases of this project: 
1. Do I understand the task that I am about to conduct?  
2. Have I been trained to undertake the task?  
3. What hazards may be associated with performing this task?  
4. What controls can I implement to reduce the risks associated with 
performing this task? 
Once these four questions have been satisfactorily answered the operator is able to 
safely perform the associated task. The Standard Work Practices (SWP) as provided by 
the CEEFC can answer most of these questions. A formal risk assessment undertaken 
by myself must be performed identifying all hazards and evaluating the risks with the 
probability, consequence matrix. This evaluation needs to be checked and signed by the 
safety officer on duty. 
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In addition to following SWP’s, diligence should be taken to ensure that appropriate 
personal protective equipment is worn at all times. A general outline of required PPE 
and control measures can be seen in Table 2.6. 
Table 2.6 Control measures for associated risks 
Activity Counter Measures 
Manufacturing Avoid skin contact with glass fibers, minimize skin contact with 
resins and hardeners, prevent contamination of other work zones 
with fumes, prevent risk of fire and reduce skin contact with 
cleaners. 
 
PPE Required: 
Thick gloves 
Repertory Mask / Breathing Apparatus  
Thick log sleeve clothing and protective overalls 
Eye protection 
 
Tooling Use of equipment 
Observe general safety rules 
Observer hand tools and equipment safety 
Use machinery guards and safety equipment 
Ensure equipment has been tested and tagged appropriately 
 
Use appropriate PPE 
Gloves 
Respiratory mask 
Long sleeve clothing 
Goggles/Eye protection 
 
Experiments Machinery: 
Proper precautions should be taken when operating the testing 
equipment. 
Observe safety procedures relevant to the machinery. 
Use installed guards and external shielding. 
Keep clear of machinery while under operation. 
 
Use appropriate PPE: 
Gloves should be used when handling the samples. 
Eye protection should be used while performing tests. 
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2.7 Summary 
This chapter has provided some background of FRP composites for this project. Some 
common configurations of composites have been explained as well as a brief overview 
of manufacturing techniques. It can be seen that FRP’s are finding their way into civil 
infrastructure and are being actively researched and developed by many researchers 
worldwide. This is evident through the increase of use in bridges and building structures. 
The use of these composites has been fueled by concerns about sustainability of current 
building trends and diminishing supply of traditional materials. 
The use of FRP composites as a mechanism has also being discussed and it can be seen 
that the current increase in terrorist activity along with the persistence of earthquake 
damage worldwide has sparked interest in developing products capable of attenuating 
dynamic forces while preserving the structural integrity of civil structures. While new 
methods such as sacrificial cladding are being developed, tried and proven methods 
such as FRP plate bonding and wrapping are being further developed with emphasis 
being put on materials that can provide energy absorption as well as increased strength. 
This is evident as there is increasing testing with explosives against FRP retrofitted 
members. 
A hazard identification and evaluation has also being performed for hazards that may be 
encountered while performing manufacture and testing of specimens. The most 
prevalent hazards that will most likely be encountered are dust/fume inhalation as well 
as possible injury from moving machinery parts from the wet-layup and machining 
processes. These hazards can be easily controlled by diligence, correct use of machinery 
and proper use of personal protective equipment. 
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Chapter 3  Materials 
3.1 Introduction 
The focus of this project is the study of lower cost, high-energy absorbent continuous 
fiber laminates, and in particular, high modulus polypropylene (HMPP) fibers. 
Innegra™ S is the commercial name used by Innegrity for its HMPP fiber. The 
combination of low density/weight, high toughness and rapid manufacturability make 
this material a cost effective solution for impact resistant fiber composite applications 
where carbon or aramid fibers are traditionally used (Salem 2008). 
3.2 Reinforcing Fibers 
The fiber constituent of FRP composites generally carries the major portion of the 
applied load to the structure and usually account for the largest portion of the fiber to 
matrix ratio. Innegra S fibers (a form of melt-spun polypropylene) will be used for this 
research project. This fiber is just one of many fibers that are suitable for FRP 
composites used in civil engineering and advanced composite applications including 
glass, carbon, aramid (Kevlar) polyester, polyethylene, quartz, boron and ceramic fibers 
etc. At present, the most commonly used fibers in civil engineering are glass, carbon 
and aramid fibers due to their price, performance and availability (Huang 2004). The 
typical properties of these fibers are summarized in Table 3.1. 
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Table 3.1 Properties of Various Reinforcing Fibers (Huang 2004, Bank 2006) 
 
The selection of fiber types is usually dependent on the cost, fatigue strength and fatigue 
failure mechanisms, tensile strength, specific gravity, thermal conductivity and 
dielectric properties (Huang 2004). The desired properties are generally selected to 
achieve the optimum cost to performance ratio for the final application of the product. 
Some advantages and disadvantages of typical fibers are summarized in Table 3.2. 
 
 
Reinforcing Fiber Density 
 
(kg/m
3
) 
Modulus 
 
(GPa) 
Tensile 
Strength 
(MPa) 
Strain to 
Failure  
(%) 
Glass     
E-Glass 2570 72.5 3400 2.5 
A-Glass 2460 73 2760 2.5 
S-Glass 
 
2470 88 4600 3.0 
Carbon – PAN     
Standard Modulus 1700 250 3700 1.2 
High Strength 1800 250 4800 1.4 
High Modulus 1900 500 3000 0.5 
Ultra High Modulus 
 
2100 800 2400 0.2 
Carbon - Pitch     
Amoco P-25 1900 160 1400 0.9 
Amoco P-55 
 
2000 380 1900 0.5 
Aramid     
Kevlar 29 1440 65 2800 4 
Kevlar 49 1450 131 3620 2.8 
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Table 3.2 Advantages and disadvantages of different fiber types (Potter 1997) 
Fiber Advantages Disadvantages 
E, S – Glass High strength 
Low cost 
Low stiffness 
Short fatigue life 
High temp sensitivity 
Aramid High tensile strength 
Low density 
Low compression strength 
High moisture absorption 
Boron High stiffness 
High compression strength 
High cost 
Carbon High strength 
High stiffness 
Moderate cost 
Graphite Very high stiffness Low strength  
High cost 
Ceramic High stiffness 
High operable temp 
Low strength 
High cost 
 
3.2.1 Innegra™ S High Modulus Polypropylene (HMPP) Fibers 
Innegra™ S, high modulus polypropylene (HMPP) fibers are manufactured by Innegrity 
LLC, America. The multifilament polyolefin yarns exhibit high modulus, high tenacity 
and a unique crystalline structure. HMPP yarns a formed through a melt-spin process. 
The process involves extrusion of a polymeric melt including the polyolefin at a 
relatively high throughput rate with low spin line tension. The filaments are then 
quenched in a water bath where the fiber bundle is drawn at a high ratio. A diagram of 
the process is shown in Figure 3.1. As a result of this process, the yarn posses 80 to 
85 % crystallinity and a highly orientated crystalline structure. 
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Figure 3.1 Wet-spinning apparatus used to form HMPP fibers 
HMPP fibers contain a large void content, which contributes to approximately 30% of 
the total fiber volume. Cracking of the fiber in the longitudinal direction form these 
voids and hence, only intersect across the fiber diameter. The length of these cracks is 
limited by banding that occurs along the fiber shown in Figure 3.2 (d). These bands 
usually extend from the outer edge of the fiber all the way to the core and in many cases 
through the entire fiber diameter. This physical property is thought to be unique to 
Innegra HMPP fibers (Salem, David R. 2008). 
Another unique feature of this fiber is nanofilament bridges spanning the voids 
occurring in the fiber (Figure 3.3). These bridges have a diameter of 100 – 300 nm and 
populate the entire length of the cracks within the fibers. These bridges are thought to 
help stabilize the fiber and reduce the impact of the voids on the mechanical properties 
of the material (Salem, D.R, 2008). 
The Innegra™ S materials used throughout this research project are known as ANG410 
and ANG150 fabrics sourced from Colan Australia 
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Figure 3.2 SEM images of HMPP fiber at (a) x257, (b) x750, (c) x2000, and (d) x1000 in quasi cross-
section view. (Morin 2009) 
 
 
Figure 3.3 Cracks spanned by nanofilaments, x4000 left, x30,000 right. (Morin 2009) 
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3.3 Polymer Matrix Resins 
A polymer is generally an organic array of large molecules consisting of repeating 
chains held together by covalent bonds. Polymer resins are the primary non-fibrous 
ingredients in an FRP that bind the fibrous material together, also known as a matrix or 
binder. Polymers come in two distinct forms, that is, thermosetting polymers and 
thermoplastic polymers.  
Thermosetting polymers have their molecular chains joined continuously to form a 
three-dimensional network of strong covalently joined atoms, this arrangement is 
known as cross-linking. Thermoplastic polymers, however, are not cross-linked and its 
molecular chains are held together by hydrogen bonds (Schwartz 1997). The cross-
linking of molecules in a thermosetting polymer means that once it is set it cannot be 
heated to a point of malleability. A thermoplastic can, on the other hand, be heated to a 
point where the molecules can move around, as they are not held in place by cross-
linking of the molecules (Bank. 2006).  
Selection of a polymer matrix can be influenced by a number of factors (Potter 1997): 
 Toxicity; Different matrix resins have varying degrees of toxicity depending on 
their chemical make up. Epoxides do not generally produce air contamination 
like polyester and phenolics, which contain styrene and formaldehyde 
respectively. Epoxy’s can however cause skin irritation and liver problems on 
contact.  
 Compatibility with the chosen process; for example, phenolic resin may need to 
be used where fire resistance is a requirement of the finished product. 
 Cure temperature/time; many resins require elevated temperatures to properly 
cure, cold cure resins may need to be considered in certain circumstances 
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 Volatiles content; processing problems can be encountered while using resins 
with high volatiles content. 
 Chemical shrinkage; problems may be encountered due to deformation of the 
structures shape or finish due to chemical shrinkage, especially where high 
volume resin products are being produced. 
 Thermal shrinkage/expansion; causes the same problems as chemical shrinkage 
 Water absorption/effects of water absorption; Water absorption may alter the 
mechanical properties of the resin and therefore should be considered when 
choosing a resin. 
 Modulus, strength, strain to failure, fatigue resistance and fracture energy all 
contribute to the performance of the product and should be considered. 
 Environmental resistance; some resins have better resistance to acids, bases, 
solvents and UV light than others. 
 Fire, smoke and toxic gas emissions; polymers will break down and burn under 
circumstances where too much heat is applied to the cured resins. 
 Compatibility with fibers; resins should be matched to fibers so as to obtain 
maximum adhesion and hence mechanical properties. 
 Heat generation on cure; Excessive heat generation from chemical reactions 
while curing may cause problems during manufacture. 
 Storage life/conditions; hardeners generally need to be stored separate to resins 
and most resins require a cool dry place for storage. 
 Cost; generally, the order of resin cost goes (from cheapest) polyester, vinylester, 
phenolic resins and general grade epoxy resin. A more expensive specialized 
resin may be required for the desired mechanical properties or other desirable 
chemical attributes. 
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Thermosetting resins are the most widely used polymer based matrix in FRP composites. 
The common types of thermosetting resins found in FRP composites for civil 
engineering are unsaturated Polyester, epoxy, vinylester, phenolic and more recently, 
polyurethane. The typical properties of these resins are summarized in Table 3.3 
Table 3.3 Properties of thermosetting polymer resins 
Type Density 
(g/cm
3
) 
Tensile 
Modulus 
(GPa) 
Tensile 
Strength 
(MPa) 
Strain to 
Failure (%) 
Polyester 1.2 4.0 65 2.5 
Epoxy 1.2 3.0 90 8.0 
Vinylester 1.12 3.5 82 6.0 
Phenolic 1.24 2.5 40 1.8 
Polyurethane varies 2.9 71 5.9 
 
3.3.1 Epoxy Resin 
Epoxy resins have become and are expected to remain the most used polymer for 
structural FRP composites. The dimensionally stable material has good resistance to 
corrosion, good adhesion and is relatively inexpensive. This combination of mechanical 
properties makes epoxy a good choice when choosing a polymer matrix. An epoxy resin 
is characterized by having two or more epoxide groups per molecule and are low-
molecular weight organic liquid resins. Epoxy molecules consist of 1 oxygen and 2 
carbon atoms (Figure 3.4). An epoxy resin cures upon mixing with a hardener that 
triggers polymerization and crosslinking during the chemical reaction (Chung 2010). 
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Figure 3.4 Chemical structure of an epoxide group 
Advantages of epoxy matrix over other thermoset matrices are (Schwartz 1997): 
 A wide variety of properties because a large number of starting materials, curing 
agents and modifiers are available 
 An absence of volatile matters during curing 
 Low shrinkage during cure 
 Excellent resistance to chemicals and solvents 
 Excellent adhesion to a wide variety fillers, fibers and other substrates 
 High or low strength and flexibility 
 Resistance to creep and fatigue 
 Good electrical properties 
 Solid or liquid resins in uncured state 
 A wide variety of curative options 
The principal disadvantages in addition to relatively high cost and long curing times are: 
 Resins and curative are somewhat toxic in uncured form 
 Heat distortion point lowered by moisture absorption 
 A change in dimension and physical properties as a result of moisture absorption 
 Use (dry) limited to about 200°C upper temperature 
 Difficult to combine toughness and high temperature resistance 
 A high thermal coefficient of expansion 
 A high degree of smoke liberation in a fire 
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 May be sensitive to ultraviolet light degradation. 
The upper service temperature is limited to approximately 125 to 175°C depending on 
rigidity and toughness. Tougher epoxies can usually operate up to 125°C while more 
rigid versions are capable of service with temperatures up to 175°C. 
KINETIX R246TX epoxy resin with KINETIX H160 Hardener sourced from ATL 
Composites Australia was used to manufacture specimens for experimentation 
throughout this project. This epoxy offers good viscosity for working with fine fibers 
(Figure 3.5) and long pot life (Figure 3.6) to ensure that ample time is available to 
thoroughly wet out fibers and remove air bubbles. 
 
Figure 3.5 Uncured properties of KINETIX R246TX epoxy with H160 hardener (colan.com.au) 
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Figure 3.6 Curing times of KINETIX R246TX epoxy with H160 hardener (colan.com.au)  
3.4 Constituent Suppliers and Cost 
HMPP fibers, commercially known as Innegra™ S and E-Glass fibers were sourced 
from Colan Australia. The three fiber products used were ANG150, ANG410 
(Innegra™ S HMPP fibers) and MU4500 (Uni-directional E-Glass fibers). The epoxy 
resin used was Kinetix R246TX with H160 hardener. The resin products were sourced 
from ATL Composites Australia. A summary of materials cost can be seen in  
  
Table 3.4 Cost of materials used for the research project 
Material Name Cost per m^2 ($) Cost per kg ($) 
ANG410 14.50 107.41 
ANG150 13.34 88.96 
MU4500 4.83 10.06 
Kinetix R246TX + H160 
 
21.84 
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Chapter 4  Experimental Methodology 
4.1 Introduction 
This chapter describes the methods used to manufacture FRP composite flat panels and 
cylinders for machining into test specimens. Furthermore, the testing instrumentation 
and testing methods are explained for drop weight impact tests, tensile tests and 
cylinder crush tests. 
4.2 Manufacture of Test Specimens 
Specimens were produced using two different production methods. The first method 
described is for manufacture of flat specimens appropriate for Drop Weight Impact 
Testing and Mechanical Property Tensile Testing. The second method described is for 
the manufacture of cylindrical specimens that were used for high strain rate 
compression testing (crushing). 
4.2.1 Flat Panel (Mechanical Testing) 
4.2.1.1 Base Plate and Material Preparation 
Flat panels (Figure 4.1) were produced using a wet-layup technique as this could be 
performed rapidly without any specialist equipment. The overall target dimensions of 
the panels were 450 x 450mm. This size was selected as it provided enough usable 
space to produce the required samples with a minimum of 3mm of waste between each 
specimen to allow for the saw blade cut. An area of 50mm was marked for trimming to 
allow any defects near the edges to be trimmed. If any defects were detected after 
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manufacture of specimens, there was enough free material to cut a sample from the 
cutoff material. The required sizes of samples are listed in Figure 4.1 
  
Figure 4.1 Wet-layup panel indicating specimen dimensions and off-cut material 
The specimens were produced in 2 separate runs (HMPP and Hybrids), however, the 
temperature and humidity conditions could be held constant at 24°C and 40% 
Respectively using the labs climate control. Replicating the climate conditions each 
time a panel was produced ensured that curing conditions of the resins would have less 
impact on the results of the tests.  
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Table 4.1 Mechanical testing specimen dimensions 
Test Machine Test type Relevant 
Standard 
Length 
(mm) 
Target Width / 
Diameter (mm) 
Instron 8200 Drop Weight Impact 
Energy 
ASTM 
D6110 
160 20 
MTS 810 Universal 
Testing Machine 
Tensile 
Properties 
ASTM 
D3039 
250 25 
MTS 810 Universal 
Testing Machine 
Crush No Standard 
Used 
100 60 
 
HMPP materials (Table 4.2) were laid on a clean glass bench free of debris and 
contaminants. The material was marked with 450 x 450 mm measurements using a blue 
permanent marker taking care not to disturb the alignment of the fibers. The material 
was then cut along the marking using 6-inch dressmaking shears, once again being 
careful not to disturb the fiber spacing (Cutting was first tried with an older pair of 
sheers that produced a large degree of fiber dis-orientation and bunching). Once the 
square is cut it was set aside for stacking after all required material for the current run 
was cut. Glass fiber fabric (Used in hybrid specimens, Table 4.3) was measured in the 
same manner described above. Glass fiber fabric was cut using larger, heavier duty 
shears and stacked alongside the HMPP sheets. 
Table 4.2 Specimens fiber description 
Product 
(Supplier) 
Fiber 
Type 
Yarn Weight 
g/m
2 
Weave Roll Width 
(mm) 
ANG150 
(Colan) 
HMPP 625 Denier Innegra™ S 150 Plain 1600 
ANG410 
(Colan) 
HMPP 940 Denier Innegra™ S 135 4 Shaft Satin 1000 
MU4500 
(Colan) 
E-Glass WARP 480 Uni-
Directional 
1200 ? 
 
For convenience, before the wet-layup procedure was undertaken, the sheets were pre-
stacked according to their layup sequence and orientation as summarized in Table 4.3 
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and pinned to hold them together. This ensured that no mistakes would be made while 
manufacturing the panel. 
Table 4.3 Flat-panel layup sequence(s) 
Panel Name Batch 
Number 
Material(s) Layup Sequence* 
HMPP150 1 ANG150 [0/0/45/45/0]s 
HMPP410 1 ANG410 [0/0/45/45/0]s 
Glass/HMPP_150_1 2 ANG150 (a) 
E-Glass (g) 
[0a/0a/0a/0g]s 
Glass/HMPP_150_2 2 ANG150 (a) 
E-Glass (g) 
[0a/0a/0g/0a]s 
Glass/HMPP_410_1 2 ANG410 (a) 
E-Glass (g) 
[0a/0a/0a/0g]s 
Glass/HMPP_410_2 2 ANG410 (a) 
E-Glass (g) 
[0a/0a/0g/0a]s 
*Subscripts (a, g) indicate material type for that layer as per materials column. Subscript 
(s) indicates that the layup is symmetrical; hence, the preceding sequence is replicated 
in reverse order. 
 
The steel plates (Figure 4.2) that were used as the base for the layup were scraped clean 
with a scraper and then polished with a specialized wax polish to ensure the surface was 
smooth and hence, the resins and material would not stick and become difficult to 
remove post curing. 
(A)      (B) 
 
Figure 4.2 Layup panel before (A) and after (B) scraping and polishing 
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The fiber portion of the panel was weighed and recorded in order to estimate the correct 
amount of epoxy required for the panel. Scales were first zeroed and then the fiber was 
rested on the weighing plate and the figure recorded.  
Wax paper was laid on the workbench to avoid epoxy spills or dribbles sticking to it 
allowing for easier clean up. At this time, extra wax paper is cut from the roll for use 
when laying up. 450 x 450 mm sheets of peel ply were also measured, cut and set to one 
side for use while laying up. 
The required amount of epoxy resin needed to be calculated to avoid mixing excess 
quantities and producing un-necessary waste. The formula for estimating the quantity of 
epoxy required was: 
        Eqn. (4) 
Where;  
   is epoxy by weight. 
   is Fiber content by weight, and 
  is a factor incorporating assumed waste and extra resin required for manufacture. 
(     ) 
4.2.1.2 Manufacture 
The epoxy resin is weighed and mixed at a ratio of       resin to       hardener. The 
desired amount of resin is first determined by zeroing scales with a plastic container on 
the weighing plate. Resin was then progressively added until the desired amount was in 
the container. Hardener was then poured into the container until the total weight  was 
achieved. The two parts were then thoroughly mixed with a plastic spoon. 
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The wet-layup was then performed by 
1. Applying a small amount of resin to the steel base plate followed by the first 
layer of peel ply, which was squeegeed until smoothly adhered to the base plate. 
2.  More resin was added followed by the first sheet of fiber fabric oriented 
according to its layup sequence as described in Table 4.3; the fabric was lightly 
squeegeed until thoroughly saturated, adding extra epoxy as required. Care 
needed to be taken so as to not apply too much pressure; this would push out too 
much resin and likely cause disorientation of the fibers. 
3.  Repeating step 2 until the full all the layers in the layup sequence had been 
added. 
4. Another layer of peel ply was added and squeegeed. The panel name and 
number is marked on a dry section of peel ply.  
5. Two pieces of wax paper approximately 500 x 300 (roll width) mm were 
overlapped so as to cover the entire area saturated by resin. 
6. A thick glass top plate was added to the top to add pressure to the layup; this 
provided a mechanism by which any extra resin would be squeezed out and 
ensuring a flat surface is achieved. 
The layup process was the same for all items in Table 4.3 except where glass layers 
were added. The Glass fiber fabric required medium pressure rolling with a stiff bristled 
roller in the principal direction of the fibers until the glass fabric was thoroughly 
saturated; this was evident by the ability to see through to the layer beneath. A graphical 
representation of the completed layup is depicted in Figure 4.3.  
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Figure 4.3 Indicative diagram of wet-layup 
4.2.1.3 Curing and Base Plate Removal 
The panel cured at room temperature for 24 hours. The glass top plate and wax paper 
was then removed before transferring the panel to a post cure oven. The oven was 
programmed to ramp from room temperature to 80°C over a period of 1 hour. The oven 
would then sustain a temperature of 80 degrees for 5 hours at which point the oven is 
turned off and allowed to return room temperature. The temperature profile is shown in 
Figure 4.4. 
Once the panel temperature has returned to room temperature, the panel is removed 
from the steel base plate; excessive bending and levering of the panel should be avoided 
as this would likely result in damage to the panel. The peel ply is then removed from 
each side by simply peeling it off. The panel name and number is then marked on the 
panel for later identification. 
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Figure 4.4 Temperature profile for post-cure oven 
4.2.2 Cylinders (Crushing) 
4.2.2.1 Jig and Material Preparation 
As with the panels, FRP composite cylinders were produced using the wet-layup 
method, as this was the most convenient method available that did not require specialist 
equipment. Specialized cylinders were made (Figure 4.5) as a medium to wrap the 
composite materials in order to achieve a cylindrical shape.  
 
Figure 4.5 Plastic cylinder mold for producing FRP tube specimens 
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PVC pipe was readily available at very little cost and therefore selected for use as the 
mold material. Lengths of OD 60mm pipe were marked with a ruler and permanent 
marker and cut to lengths of 500mm with a hand saw. This length provided enough 
room for wrapping the composite materials as well as providing un-used sections at 
each end of the pipe to sit on a stand (Figure 4.6). Wedges were cut into two 400mm 
lengths of scrap timber with identical cross sections to form the stands. The stands 
allowed the wet-layup to be performed at an elevated level and provided the ability to 
progressively rotate the tube while winding on the fiber fabric. This is similar to the 
method used by Palanivelu et al (2010) as described in section 2.5.1. 
 
Figure 4.6 FRP tube mold with wax paper, peel ply and stands 
The FRP materials being used have a shrinkage factor that would cause the FRP tube 
wrapped around the PVC pipe to clamp on to the pipe and be almost impossible to 
remove. For this reason, an axial seam was machined along each length of pipe with a 
diamond tipped bench saw. A horizontal guide offset 30mm perpendicularly to the 
center of the saws cutting axis was used to ensure an accurate and straight seam was cut. 
Wax paper & peel ply 
Stands 
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The seam provides a point that can be manipulated to make removal of the FRP tube 
easer once cured.  
After cutting the tube, tape placed along the seam to ensure no resins would bond the 2 
surfaces together. A 350mm wide layer of wax paper was wrapped and taped centrally 
on the pipe. This was to ensure that the resins were unable to bond to the bare pipe 
further increasing the difficulty of removing the cured FRP tube. 
The fiber fabrics were measured and cut in the same manner as described in section 0. 
As with the wax paper, all the fiber fabric and peel ply widths were 350mm. The length 
of fabric was calculated using Eqn. (5) for each layer.  
     (     ) Eqn. (5) 
Where;    is the length of layer number  ;   is the outside pipe diameter;   is the 
average thickness of each layer (estimated to be 0.4mm for HMPP layers and 0.6mm for 
E-Glass layers). This calculation was used to ensure that the layers would cover the 
entire circumference of the tube and reduce the chances of a seam being produced. 
4.2.2.2 Manufacture 
Once all layers had been cut and weighed, epoxy resin was mixed according to the 
method described in section 4.2.1.1 including quantities as calculated by Eqn. (4). 
The wet-layup was performed by: 
1. Adding a small amount of resin atop the wax paper, the resin was spread into a 
thin film by hand. A layer of peel ply was added atop the resin and smoothed 
down on top of the wax paper until no air bubbles or creases were left. 
2.  More resin was added and spread over the uppermost ridge of the tube. The first 
layer of fiber fabric according to the layup sequence (Table 3.1) was applied by 
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resting one end of the sheet on the ridge of the pipe where the resin was spread. 
The fabric was hand worked onto the pipe ensuring no air bubbles were present 
while progressively adding extra resin and rotating. 
3. Step 2 was repeated until all layers in the layup sequence were added. 
4. A layer of peel ply was added in the same manner as step 2 and 3. 
Approximately 10 to 12 layers of plastic wrap (glad wrap) were applied atop the 
peel ply. This provided evenly distributed pressure on the entire FRP tube 
ensuring a constant cross section. 
Table 4.4 FRP composite tube layup sequence 
Panel Name Batch 
Number 
Material(s) Layup Sequence* 
HMPP410 1 ANG410 [0/0/0/0/0/0/0/0] 
Glass/HMPP_410 1 ANG410 (a) 
E-Glass (g) 
[0a/0a/0g/0a/0a/0g/0a/0a] 
*Subscripts (a, g) indicate material type for that layer as per materials column. 
4.2.2.3 Curing and Mold Removal 
Curing was performed as described in section 4.2.1.3.  
Once fully cured, a lap was formed on one side of the PVC pipes seam. A long shafted 
flat head screwdriver was used to continue the lap through the entire length of the seam. 
This was achieved by progressively wedging the tip of the screwdriver further into the 
seam and applying torque to the screwdriver handle. Once a lap was formed down the 
seam of the pipe, one end was clamped in a table vice. The FRP tube was then pulled 
perpendicularly to the clamped end at which point the FRP tube slips off the PVC pipe. 
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4.3 Specimen Machining 
Machining of the panels and tubes produced in section was necessary to acquire a 
specimen of the required geometry for testing purposes.  
4.3.1 Impact / Tensile Specimens 
Specimens were machined to the lengths and widths indicated in Table 4.1. This was 
achieved by first trimming the 50mm edge to ensure that no edge defects were present 
in specimens.  
A 250mm offset line from a straight edge was marked perpendicular to the principal 
fiber direction. A cut was made along this line with a dry panel saw. The resulting 350 x 
250mm panel was then mounted in the wet saw jig with the blade parallel to the 
principal fiber direction. 5 cuts were taken at 25mm widths for the tensile specimens. 
There was a loss of approximately 3mm width of material for each cut from the cutting 
path of the blade. The above procedure was duplicated for the impact test specimens 
using a 160mm offset and taking 20mm width cuts on the wet saw. 
After all specimens were cut they were left for 24 hours to ensure that they were 
completely dry. The cut edges were lightly sanded to remove any rough edges that may 
have been left from the saw. The length of the specimens were re-checked and, if 
necessary, trimmed with a stationary disk sander. 
The specimens were finally dusted, marked with their batch and individual specimen 
numbers and bundled with tape for storage until testing. 
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4.3.2 Cylinder Crush Specimens 
The cylindrical crush test specimens were machined to 100mm length. This was 
achieved by first trimming the cylinder manufactured in section 4.2.2 by 25mm to 
remove any irregularities from the edge fibers. A panel saw guide was offset by 100mm 
parallel to the cutting edge of the saw and two 100mm length sections were cut. 
The length of the sections was double-checked and if necessary, the tubes were sanded 
to length with the stationary disk sander. A guide on the stationary disk sander was then 
set to 45 degrees. The cylinders were then sanded on the angle while rotating to form a 
chamfer (trigger) on one end. The specimens were then dusted and labeled for testing. 
4.4 Instron Drop Weight Impact Test (Charpy) 
Drop weight impact tests were performed on each layup and material type to determine 
the impact resistance under dynamic loading conditions. 160 x 20 mm specimens of 
each type were tested on an Instron 8200 drop weight impact tester. The instrument is 
capable of testing at velocities of up to 4.4 m/s. A description of the instrumentation and 
experimentation methodology follows. 
4.4.1 Instrumentation 
Figure 4.7 shows a diagrammatic representation of the instrument showing all the major 
components. The machine supports a drop weight mass of 3 to 13.6 kilograms (1.1 
kilogram increments) at a maximum height of 1 meter. This translated to an impact 
energy range of 1.36 to 132.8 Joules. 
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Figure 4.7 Instron 8200 impact testing instrument (Instron Corporation) 
The instrument consists of: 
 The drop weight; allowable mass of up to 13.6 kilograms 
 The tup; this device measures the force applied to the specimen by the drop 
weight assembly. It consists of the tup load cell and steel inserts that strike the 
specimens. 
 The velocity detector; this part of the instrument consists of a velocity flag and a 
flag detector. When in motion, the flag passes through the detector and 
interrupts an infrared beam that allows the software to interpret the velocity of 
the tup. 
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4.4.2 Testing Procedure 
To perform an impact test (Instron 8200 Operation manual, Instron Corporation): 
1. Perform a visual inspection of the system to ensure that all of the equipment is 
in working condition. Verify the following: 
 The weight retainer plates are present and securely fastened to the drop weight. 
 All fasteners on the drop weight and drop tower are in place and tight. 
 The guide columns are tight and clean. 
2. Install the appropriate specimen support fixture, or inspect the fixture already in 
place to ensure that it is properly installed and aligned. Ensure there is no debris present 
that could interfere with the operation of the fixture. 
3. Verify that the stop block stacks are correctly installed, are the same height, and 
that both have the same color elastomeric tops attached. 
4. Verify that the correct tup, tup insert and weight configuration have been 
installed on the drop weight. 
5. Place the specimen in the specimen support fixture. Manually lower the drop 
weight so that the tup rests lightly on the specimen. Adjust the detector block so that the 
bottom edge of the flag is even with the bottom of the detector block. Return the drop 
weight to its latched position. 
6. Set the clamp frame to the desired height. Ensure that the clamp-knobs on the 
latch are tight. 
7. Check the drop weight velocity. Remove any specimens that may be in the 
fixture, prepare the data acquisition system to measure velocity as detailed in the 
documentation provided with the system, and release the latch.  
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8. Position a specimen in the specimen support fixture. Place a safety shield in 
front of the baseplate. 
9. Lift the release latch safety guard and press down on the latch to release the drop 
weight. The drop weight will fall and impact the specimen. 
10. Manually return the drop weight to its latched position. Remove the safety shield. 
Clear any debris from the fixture and the tower. Repeat the steps outlined in this section 
for each test specimen. 
 
Figure 4.8 Specimen mounted in Instron 8200 drop weight tower 
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The data is interoperated by the accompanying software and output as a graph of 
instantaneous load vs time (red) and progressive total energy (yellow) (Figure 4.9). 
 
Figure 4.9 Sample output from Instron 8200 drop weight impact tester 
The total impact energy can be calculated from (ASTM International 1974): 
    ̅  ∫  ( )   
 
 
 
Where; 
 
  is the total absorbed energy 
 ( ) is the instantaneous load applied by the tup 
  is the total loading time 
   is the change in time 
 ̅ is the instantaneous velocity of the tup 
 
4.5 Tensile / Compressive Properties Test 
Tensile mechanical property tests were performed with an MTS 810 materials test 
system on each layup and material type under quasi-static loading conditions. Tensile 
tests were performed on 250 x 25 mm specimens with a crosshead displacement rate of 
2mm / min. Compressive crush tests were performed on 100mm length x 60mm 
diameter cylinders with a crosshead displacement rate of 10mm / min. A description of 
the instrumentation and experimentation methodology follows. 
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4.5.1 Instrumentation 
The MTS universal materials test system (Figure 4.10) has a 100kN capacity 
hydraulically actuated crosshead. The hydraulic actuator is servo controlled. The 
crosshead has a total available displacement of 150mm. The crosshead mounted load 
cell provides accurate load readings, which are transmitted to the control software. 
Strain is measured via displacement transducers also located on the crosshead. 
 
Figure 4.10 MTS 810 materials testing system  
 
Figure 4.11 Sample being mounted into MTS 810 jaws 
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4.5.2 Testing Procedure 
The machine must first be set up by: 
 Adjust the crosshead to the required height to fit the specimen. 
 Change jaws/plates as per requirements. 
 Open test works 4 (analysis software). 
 Adjust the grip pressure to the desired pressure for the specimen. 
The following procedure for test works 4 was followed to test specimens: 
 Press the play icon to run test 
 Fill in required widths and thicknesses of the specimen. 
 Place the specimen in the grips (Figure 4.11). 
 Lock the hydraulic grips via the control panel. 
 Adjust the grip pressure if required. 
 Press OK in test works. 
 The machine will perform the tensile test and stop once the specimen has failed. 
 Click the stop button in test works if required. 
 The actuator will return to the start position. 
 Remove test specimen. 
 Click OK in test works. 
 Save sample to my folder in test works. 
 Repeat procedure for all samples. 
Once all samples have been tested, the machine is shut down and electricity turned off. 
The total energy absorbed during crush testing of the FRP composite tubes will be 
assessed using Eqn’s 1 to 3 (Section 2.5.1). 
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Chapter 5  Experimental Results and Comparison 
5.1 Introduction 
This chapter analyses and discusses the results obtained from tensile, impact and crush 
testing of HMPP continuous fiber reinforced composites. The main purpose of the 
discussion is to firstly, identify the differences between the two different weaves of 
HMPP fiber and secondly, to identify any advantages/disadvantages of hybridization of 
the two HMPP weaves. Later, the results of cylinder crushing are discussed and lastly, 
cost benefit is discussed. 
5.2 Constituent Content and Panel Cost 
Each specimen’s fiber content was weighed prior to manufacture. The resulting panel 
was then weighed again post curing. This allowed the calculation of the portion of 
epoxy resin in each panel. A summary of constituent weight ant total cost of each panel 
can be seen in Table 5.1. 
Table 5.1 Constituent weight and total cost 
Panel Name Total (g) HMPP (g) Glass (g) Epoxy (g) Cost ($) 
HMPP150 369.87 273.3 0 96.57 29.13 
HMPP410 705.59 303.7 0 401.89 38.13 
Glass/HMPP_150_1 851.26 242.96 194.4 413.90 32.61 
Glass/HMPP_150_2 851.26 242.96 194.4 413.90 32.61 
Glass/HMPP_410_1 725.82 218.64 194.4 312.78 32.27 
Glass/HMPP_410_2 752.38 218.64 194.4 339.34 32.85 
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Figure 5.1 Constituent content by weight (g) 
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5.3 Tensile Testing 
The results of tensile testing are discussed below, full tensile test results can be found in 
APPENDIX D. Initial testing of HMPP150 and HMPP410 specimens indicated that the 
HMPP material did not have a large tensile strength, average results of 98.47 and 84.52 
MPa respectively (Figure 5.2).  
 
Figure 5.2 Averaged results of tensile testing 
Observations made during and after testing of these specimens show the HMPP150 
specimens failing in a lateral mode. Observations made also indicated that there might 
have been a fault in the panel from the manual layup method used. This was evident by 
a consistently creeping failure zone (Figure 5.3).  
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(a)      (b) 
    
Figure 5.3 HMPP150 tensile specimens (a) and tensile failure (b) 
HMPP410 specimens had mainly delamination failure. Delamination was evident 
throughout over 75% of the specimens. Upon closer inspection it was evident that there 
was strain failure of the fibers local to one area. It could also be seen that the lamina 
were cleanly delaminated from the matrix. There was little to no fraying of the fibers 
away from the failure zone and in some cases, the lamina were separated on either side 
of the matrix (Figure 5.4). 
 
Figure 5.4 HMPP410 Tensile delamination failure 
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Hybrid testing showed significantly improved results. The addition of E-glass caused an 
increase of 140 to 164 % in tensile strength for the HMPP150. The increase in strength 
was attributed to the significantly larger tensile strength of the E-Glass fibers. 
Inspection of the HMPP150 hybrid specimens again showed delamination throughout 
the majority of the specimen’s area. Clear delamination between glass and HMPP layers 
was evident. There was, however, no inter laminar delamination between the paired 
HMPP layers. It could also be seen that the glass layers had a lateral failure mode with 
noticeable straining of the glass fibers within the epoxy matrix. From inspection of the 
damage zones, it would be fair to assume that the HMPP constituent of the hybrid did 
not reach a failure strain. 
(a)      (b) 
    
Figure 5.5 Tensile failure of (a) Glass/HMPP_150_1 and (b) Glass/HMPP_150_2 specimens 
The largest gains in tensile performance were seen with the HMPP410 hybrids. The 
hybrids showed and increase from 193 to 244%. The specimens showed similar tensile 
failure to the HMPP150 specimens. They showed predominately lateral/angled failure 
of the glass and HMPP fibers with a small portion of HMPP fibers experiencing pull 
through. There was some inter-laminar delamination and a small amount of matrix 
cracking local to the lateral failure zone. 
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(a)      (b) 
    
Figure 5.6 Tensile failure of (a) Glass/HMPP_410_1 and (b) Glass/HMPP_410_2 specimens 
The Poisson’s ratio and elastic modulus of specimens are summarized in Table 5.2. 
There was a significant increase of the elastic modulus in hybrid specimens from their 
HMPP fiber only counterparts. 
Table 5.2 Summarized Poisson's ratio and Elastic modulus from tensile testing 
Specimen Number Elastic Modulus (Gpa) Poisson's Ratio 
HMPP150 1.639 0.388 
HMPP410 2.65 0.326 
Glass/HMPP_150_1 10.528 0.23 
Glass/HMPP_150_2 10.264 0.255 
Glass/HMPP_410_1 12.89 0.242 
Glass/HMPP_410_2 12.247 0.267 
 
There was a small decrease in specimen thickness between the 10 layer HMPP150 
specimens and the 8 layer Glass/HMPP150 hybrids while there was a small increase in 
thickness between the 10 layer HMPP410 specimens and 8 layer Glass/HMPP410 
hybrids. Figure 5.7 Tensile specimen thickness comparison shows the average thickness 
of each composite tested. 
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Figure 5.7 Tensile specimen thickness comparison 
Figure 5.8 shows that an increase in performance was achieved at an extra cost of 
approximately 12 % for the HMPP150 specimens while for the HMPP410 specimens, a 
larger increase in performance was achieved for an overall reduction in cost of panel 
production of up to 15.37 %. 
 
Figure 5.8 Tensile strength vs cost analysis 
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5.4 Impact Testing 
The results of the drop weight impact testing are discussed below. Full results and 
graphs can be seen in APPENDIX E. Figure 5.9 shows a summary of the average 
impact energy absorption of the drop weight impact test. 
 
Figure 5.9 Average energy absorption of impact test specimens 
HMPP150 specimens had an impressive amount of energy absorption to begin with. 
The material failed locally to the tup impact zone. There was compressive failure of the 
uppermost layers evident by the ridges created laterally in this location. There appears 
to have been very little to no staining of the tensile fiber located on the bottom.  
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Figure 5.10 HMPP150 drop weight impact specimen failure 
The much thinner HMPP410 specimens failed in a similar manner to the HMPP150 
specimens. There was compressive delamination of the fibers at the strike zone of the 
tup. There was evidence of tensile straining on the bottom side of the specimen shown 
by lateral cracks in the epoxy matrix. The average energy absorption of the HMPP410 
material was only 24% of the energy absorption of the HMPP150 material. This may 
have been attributed to the nearly 30% difference in thickness (Figure 5.7). 
 
Figure 5.11 HMPP410 drop weight impact specimen failure 
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Hybridization of the HMPP materials with E-Glass produced mixed results between the 
two different HMPP materials. Firstly, the Glass/HMPP_150_1 specimens absorbed 
20% more energy than the HMPP150 only specimens. Inspection of the specimen’s 
show that the addition of 2 layers of centrally located E-Glass have caused some of the 
impact load to be distributed to the outer tensile layers of HMPP150 material. There is 
still compressive damage evident, although, the damage zone has been increased and 
covers 50 – 60% of the specimens.  
 
Figure 5.12 Glass/HMPP_150_1 drop weight impact specimen failure 
The Glass/HMPP_150_2 specimens failed significantly different. The specimens 
absorbed only 23.5 % of the original capacity of the HMPP150 material. This was due 
to a change in failure modes. It appears that addition of E-Glass layers offset from the 
central axis of the specimen induces a large increase in interlaminate shear stress 
causing catastrophic failure of the matrix bond of the specimen. This occurred in every 
instance of testing this specimen series.  
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Figure 5.13 Glass/HMPP_150_2 load vs time graph 
The affect on the load capacity of the specimen is shown in Figure 5.13. The damage 
zone can be seen in Figure 5.14. 
 
Figure 5.14 Glass/HMPP_150_2 drop weight impact specimen failure 
Hybridization of HMPP410 material with E-Glass saw more significant improvements 
in the energy absorption capacity of the specimens. Glass/HMPP_410_1 specimens 
(Figure 5.15) had an increase of 209% to 11.15 Joules. Inspection of the specimens 
shows strain damage on both the compressive and tensile sides of the specimen. There 
are uniformly distributed lateral cracks in the epoxy matrix over approximately 80% of 
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the specimens on both sides. The specimens are not permanently deformed from the 
impact and seem to have maintained most of their rigidity.  
 
Figure 5.15 Glass/HMPP_410_1 drop weight impact specimen failure 
The Glass/HMPP_410_2 (Figure 5.16) specimens produced the best results with an 
improvement of 450% from the original HMPP410 only sample. The sample failed 
locally to the tup impact zone. There was compressive of the uppermost E-Glass layer 
and HMPP410 layers as well as tensile strain damage to the HMPP410 material on the 
bottom side. The specimen has a permanent bend located at the impact zone. 
 
Figure 5.16 Glass/HMPP_410_2 drop weight impact specimen failure 
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Figure 5.17 Energy absorption vs panel cost of specimens 
Analysis of panel costs shows that although the HMPP150 hybrids were more 
expensive, they did not exhibit a significant improvement in performance. HMPP410 
hybrids were, however, cheaper and much tougher, absorbing several hundred times 
their initial energy absorption. 
5.5 Cylinder Crushing (Compression) 
The results of the cylinder crush tests performed are discussed below. Only two types of 
cylinders were tested, one tube using HMPP410 material only and a hybrid tube using 
E-Glass and HMPP410 material. A summary of the layup sequence used can be seen in 
Table 4.4. The results are summarized in Table 5.3. The results show that HMPP410 
material on its own exhibits very poor energy absorption and hence poor SEA values. It 
should be noted however that the sample rate taken during testing of HMPP410 
specimens was only set to 1hertz and was unable to capture a large data set. This issue 
was rectified for testing of the hybrid samples and the sample rate set to 100 hertz.  
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Table 5.3 Cylinder crushing results summary 
Specimen 
Total 
Energy (J) 
Mass 
(g) 
SEA 
(kj/kg) 
Pmax 
(kN) 
Pmean 
(kN) Nc (%) 
HMPP410_1 344.35 25.70 13.40 17.64 4.92 27.89 
HMPP410_2 443.75 26.49 16.75 11.61 6.34 54.63 
Glass/HMPP410_1 1526.88 38.61 39.54 26.08 21.81 83.65 
Glass/HMPP410_2 1290.70 37.69 34.25 24.04 18.44 76.71 
 
Figure 5.20 shows the progressive failure of the HMPP410 reinforced composite tube. It 
can be seen that the mode of failure was from deformation of the cylinder walls. The 
load to cause failure was recorded as 17.64kN. The load to crush the remainder of the 
cylinder however was quite low. This resulted if a poor specific energy absorption rate 
(SEA). 
         
Figure 5.18 Progressive failure of HMPP410 tube 
Figure 5.19 shows the load/displacement and the total energy absorbed by the tube 
during crushing. 
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Figure 5.19 Load displacement graph for HMPP410 tube @ 200mm / min 
Figure 5.20 shows the progressive failure of a hybrid Glass/HMPP410 composite tube 
at a crosshead displacement rate of 400mm / min. Unlike the random folding of the tube 
walls exhibited by the HMPP410 only specimen the hybrid specimen showed controlled 
progressive failure modes. The tube failed via circumferential delamination of the layers 
down the center lamina. Close inspection of the crushed sample revealed that there had 
been a strong interlaminate bond between. The center lamina, were torn in either 
direction as the glass layers pulled away. Other failure modes included lamina bending 
fiber fracturing and axial cracks. There was a small amount of pull through of the 
HMPP fibers along the axial cracks that formed down the tube. 
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Figure 5.20 Progressive failure of Glass/HMPP410 hybrid tube 
This combination of failure modes meant that the tube was able most of its peak crush 
load of 26kN throughout the test, which can be clearly seen in Figure 5.21. This results 
in crush efficiency of 83.65%. The hybrid tube had a SEA of 39.54 kj/kg when the mass 
of the tube was taken into account. These are comparable the higher results recorded by 
Palanivelu et al (2010). 
 
Figure 5.21 Load displacement graph for Glass/HMPP410 tube @ 400mm / min 
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Chapter 6  Conclusions and Recommendations 
6.1 Conclusions 
The research conducted during this project has yielded the following conclusions. 
1. HMPP fiber products have the ability to absorb large amounts of dynamic 
energy imparted on a specimen laterally. It has been shown that this energy 
absorption can be dramatically improved through the addition of stiffer fibers 
such E-Glass, which helps, distribute the forces throughout the HMPP fiber and 
reduce the chance of premature failure. 
2. Although HMPP material itself does not possess a high tensile strength, 
reasonable strength results could be obtained with hybridization with E-Glass 
fibers in various combinations. 
3. HMPP fibers have poor compressive strength due to a lack of rigidity in thin 
walled tubes, however, this strength can be greatly improved by the addition of 
E-Glass. 
4. Tubes constructed of HMPP fibers combined with E-Glass fibers produce 
favorable energy absorption and crushing efficiency qualities required for 
sacrificial cladding applications. 
5. The investigations conducted in this undergraduate study show the viability of 
HMPP fibers to be used for energy absorption applications when combined with 
other materials such as E-Glass in civil infrastructure applications.  
Due to the apparent durability and mechanical properties, the HMPP material may also 
find application in factories, offices and the like in the form of machinery covers, light 
weight partitions or even light weight air ducting. 
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6.2 Recommendations for Future Research 
The research undertaken in this study has highlighted that HMPP fibers have potential 
for application in energy absorption applications. However, one of the shortfalls in this 
research has been the lack of experimental results in which to perform a direct 
comparison between HMPP fiber specimens and other material types. Future study and 
research in this area may include: 
1. Further investigation and detailed comparison between aramid, carbon fiber 
and E-Glass only specimens. 
2. A study of HMPP material behavior under a real world application in either 
sacrificial cladding or FRP retrofitting application. 
3. Further study of layup sequences of hybrid specimens. 
4. Further investigation of E-Glass quantities used in hybrid specimens. 
5. Investigation of influence of various layup sequences on crushing 
performance. 
6. Investigation into the performance of HMPP fibers used with other 
thermosetting resins such as vinylester. 
7. Investigation into the acoustic attenuation properties of the material. 
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APPENDIX B - Fiber Textile Photographs 
 
Figure 0.1 ANG150 Plain weave Innegra™ S yarn 
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Figure 0.2 ANG410 Satin weave Innegra™ S yarn 
 
Figure 0.3 Uni-directional E-Glass stitched 
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APPENDIX C - FRP Composite Panel Production 
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APPENDIX D - Tensile Test Data 
 
Test Machine: MTS 810 Material Test System 
Location: Z104 Test Laboratory, Faculty of 
Engineering and Surveying, USQ 
Accuracy Grading: Grade A 
Machine Calibration Date: 15/02/2007 
Expiration Date: 15/02/2008 
Strain Measurement Device: MTS Extensometer 
Model No. 632.85F-14 
Extensometer Calibration Date: 15/02/2007 
Load Cell Calibration Date: 15/02/2007 
Expiration Date: 15/02/2008 
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HMPP150 Specimen Results: 
Specimen 
# 
Thickness1 
mm 
Thickness2 
mm 
Thickness3 
mm 
Width 
1 
mm 
Width 
2 
mm 
Width 
3 
mm 
Avg 
Thick 
mm 
Avg 
Width 
mm 
Area 
mm^2 
1  3.80    3.80    3.80    25.20    25.20    25.20    3.80    25.20    95.76    
2 3.80    3.80    3.80    25.20    25.20    25.20    3.80    25.20    95.76    
3 3.71    3.71    3.71    25.30    25.30    25.30    3.71    25.30    93.86    
4 3.73    3.73    3.73    25.20    25.20    25.20    3.73    25.20    94.00    
5 3.64    3.64    3.64    25.20    25.20    25.20    3.64    25.20    91.73    
Mean 3.72 3.72 3.72 25.22 25.22 25.22 3.72 25.22 93.84 
Std 
Dev 
0.07 0.07 0.07 0.05 0.05 0.05 0.07 0.05 1.65 
Specimen Results: 
Specimen 
# 
Peak 
Load 
N 
Peak 
Stress 
MPa 
Modulus 
of 
Elasticity 
MPa 
Poisson's 
Ratio 
mm/mm 
     
1  1763    18.41    1655    0.387         
2 8945    93.41    1548    0.472         
3 9568    101.93    1566    0.335         
4 9502    101.09    1680    0.362         
5 8940    97.46    1763    0.385         
Mean 9239 98.47 1639 0.388      
Std 
Dev 
343 3.89 101 0.059      
Specimen Comments:  
Specimen # Failure Status 
1 Acceptable 
2 Acceptable 
3 Acceptable 
4 Acceptable 
5 Acceptable 
   100 
 
Load vs Extension Plot 
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HMPP410 Specimen Results: 
Specimen 
# 
Thickness1 
mm 
Thickness2 
mm 
Thickness3 
mm 
Width 
1 
mm 
Width 
2 
mm 
Width 
3 
mm 
Avg 
Thick 
mm 
Avg 
Width 
mm 
Area 
mm^2 
1 2.23    2.23    2.23    25.25    25.25    25.25    2.23    25.25    56.31    
2 2.23    2.23    2.23    25.24    25.24    25.24    2.23    25.24    56.29    
3 2.17    2.17    2.17    25.21    25.21    25.21    2.17    25.21    54.71    
4 2.26    2.26    2.26    25.30    25.30    25.30    2.26    25.30    57.18    
5 2.20    2.20    2.20    25.60    25.60    25.60    2.20    25.60    56.32    
Mean 2.22 2.22 2.22 25.32 25.32 25.32 2.22 25.32 56.16 
Std 
Dev 
0.03 0.03 0.03 0.16 0.16 0.16 0.03 0.16 0.90 
 
Specimen 
# 
Peak 
Load 
N 
Peak 
Stress 
MPa 
Modulus 
of 
Elasticity 
MPa 
Poisson's 
Ratio 
mm/mm 
     
1 4515    80.19    2495    0.312         
2 4827    85.77    2630    0.332         
3 4595    83.99    2697    0.319         
4 4841    84.66    2806    0.359         
5 4957    88.02    2625    0.306         
Mean 4747 84.52 2650 0.326      
Std 
Dev 
185 2.87 114 0.021      
 
Specimen # Failure Status 
1 Acceptable 
2 Acceptable 
3 Acceptable 
4 Acceptable 
5 Acceptable 
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Load vs Extension Plot 
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Glass/HMPP_150_1 Specimen Results: 
Specimen 
# 
Thickness1 
mm 
Thickness2 
mm 
Thickness3 
mm 
Width 
1 
mm 
Width 
2 
mm 
Width 
3 
mm 
Avg 
Thick 
mm 
Avg 
Width 
mm 
Area 
mm^2 
1 3.36    3.36    3.36    25.09    25.09    25.09    3.36    25.09    84.30    
2 3.39    3.39    3.39    25.21    25.21    25.21    3.39    25.21    85.46    
3 3.41    3.41    3.41    25.14    25.14    25.14    3.41    25.14    85.73    
4 3.38    3.38    3.38    25.24    25.24    25.24    3.38    25.24    85.31    
5 3.33    3.33    3.33    25.49    25.49    25.49    3.33    25.49    84.88    
Mean 3.37 3.37 3.37 25.23 25.23 25.23 3.37 25.23 85.14 
Std 
Dev 
0.03 0.03 0.03 0.15 0.15 0.15 0.03 0.15 0.56 
 
Specimen 
# 
Peak 
Load 
N 
Peak 
Stress 
MPa 
Modulus 
of 
Elasticity 
MPa 
Poisson's 
Ratio 
mm/mm 
     
1 22632    268.46    10541    0.214         
2 21437    250.84    10324    0.211         
3 20078    234.21    10465    0.252         
4 23397    274.26    10619    0.240         
5 23078    271.89    10690    0.232         
Mean 22125 259.93 10528 0.230      
Std 
Dev 
1364 17.07 142 0.017      
 
Specimen # Failure Status 
1 Acceptable 
2 Acceptable 
3 Acceptable 
4 Acceptable 
5 Acceptable 
   104 
 
Load vs Extension Plot 
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Glass/HMPP_150_2 Specimen Results: 
Specimen 
# 
Thickness1 
mm 
Thickness2 
mm 
Thickness3 
mm 
Width 
1 
mm 
Width 
2 
mm 
Width 
3 
mm 
Avg 
Thick 
mm 
Avg 
Width 
mm 
Area 
mm^2 
1 3.60    3.60    3.60    25.30    25.30    25.30    3.60    25.30    91.08    
2 3.63    3.63    3.63    25.24    25.24    25.24    3.63    25.24    91.62    
3 3.66    3.66    3.66    25.17    25.17    25.17    3.66    25.17    92.12    
4 3.47    3.47    3.47    25.47    25.47    25.47    3.47    25.47    88.38    
5 3.63    3.63    3.63    25.31    25.31    25.31    3.63    25.31    91.88    
Mean 3.60 3.60 3.60 25.30 25.30 25.30 3.60 25.30 91.02 
Std 
Dev 
0.07 0.07 0.07 0.11 0.11 0.11 0.07 0.11 1.52 
 
Specimen 
# 
Peak 
Load 
N 
Peak 
Stress 
MPa 
Modulus 
of 
Elasticity 
MPa 
Poisson's 
Ratio 
mm/mm 
     
1 22569    247.80    10216    0.238         
2 21173    231.09    9742    0.256         
3 20953    227.45    10352    0.249         
4 21364    241.73    10769    0.259         
5 21441    233.37    10241    0.272         
Mean 21500 236.29 10264 0.255      
Std 
Dev 
627 8.30 367 0.013      
 
Specimen # Failure Status 
1 Acceptable 
2 Acceptable 
3 Acceptable 
4 Acceptable 
5 Acceptable 
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Load vs Extension Plot 
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Glass/HMPP_410_1 Specimen Results: 
Specimen 
# 
Thickness1 
mm 
Thickness2 
mm 
Thickness3 
mm 
Width 
1 
mm 
Width 
2 
mm 
Width 
3 
mm 
Avg 
Thick 
mm 
Avg 
Width 
mm 
Area 
mm^2 
1 2.65    2.65    2.65    25.06    25.06    25.06    2.65    25.06    66.41    
2 2.98    2.98    2.98    25.27    25.27    25.27    2.98    25.27    75.30    
3 2.97    2.97    2.97    24.90    24.90    24.90    2.97    24.90    73.95    
5 2.73    2.73    2.73    25.12    25.12    25.12    2.73    25.12    68.58    
6 2.85    2.85    2.85    25.25    25.25    25.25    2.85    25.25    71.96    
Mean 2.82 2.82 2.82 25.12 25.12 25.12 2.82 25.12 70.80 
Std 
Dev 
0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 3.49 
 
Specimen 
# 
Peak 
Load 
N 
Peak 
Stress 
MPa 
Modulus 
of 
Elasticity 
MPa 
Poisson's 
Ratio 
mm/mm 
     
1 18519    278.86    13309    0.256         
2 22469    298.37    12981    0.241         
3 20579    278.27    11984    0.218         
5 20989    306.06    13232    0.255         
6 20334    282.57    12638    0.242         
Mean 17628 247.68 12890 0.242      
Std 
Dev 
7337 101.42 506 0.014      
 
Specimen # Failure Status 
1 Acceptable 
2 Acceptable 
3 Acceptable 
5 Acceptable 
6 Acceptable 
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Load vs Extension Plot 
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Glass/HMPP_410_2 
Specim
en # 
Thicknes
s1 
mm 
Thicknes
s2 
mm 
Thicknes
s3 
mm 
Widt
h 1 
mm 
Widt
h 2 
mm 
Widt
h 3 
mm 
Avg 
Thic
k 
mm 
Avg 
Widt
h 
mm 
Area 
mm^
2 
1 2.82    2.82    2.82    25.0
5    
25.0
5    
25.0
5    
2.82    25.0
5    
70.6
4    
2 2.90    2.90    2.90    25.1
6    
25.1
6    
25.1
6    
2.90    25.1
6    
72.9
6    
3 2.93    2.93    2.93    25.2
7    
25.2
7    
25.2
7    
2.93    25.2
7    
74.0
4    
4 2.87    2.87    2.87    25.1
4    
25.1
4    
25.1
4    
2.87    25.1
4    
72.1
5    
5 2.86    2.86    2.86    25.2
0    
25.2
0    
25.2
0    
2.86    25.2
0    
72.0
7    
Mean 2.88 2.88 2.88 25.1
6 
25.1
6 
25.1
6 
2.88 25.1
6 
72.3
7 
Std Dev 0.04 0.04 0.04 0.08 0.08 0.08 0.04 0.08 1.25 
 
 
Specimen 
# 
Peak 
Load 
N 
Peak 
Stress 
MPa 
Modulus 
of 
Elasticity 
MPa 
Poisson's 
Ratio 
mm/mm 
     
1 20454    289.55    12601    0.279         
2 20542    281.54    12213    0.265         
3 21012    283.78    11543    0.285         
4 21421    296.89    12606    0.251         
5 21809    302.60    12272    0.255         
Mean 21048 290.87 12247 0.267      
Std Dev 576 8.84 434 0.014      
 
 
Specimen # Failure Status 
1 Acceptable 
2 Acceptable 
3 Acceptable 
4 Acceptable 
5 Acceptable 
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APPENDIX E - Impact Test Data 
HMPP150 
 
Test no  Time to max 
load-1 (ms) 
Maximum 
load-1 
(kN) 
Impact 
velocity-1 
(m/s) 
Total energy-
1 (J) 
Total time-1 
(ms) 
1 10.5103 0.3919 3.2715 13.5134 19.7144 
2 10.5103 0.3978 3.2703 12.1501 17.5659 
3 9.7046 0.4364 3.2676 13.1374 27.3682 
4 11.7676 0.4514 3.2672 12.7559 18.0664 
5 12.5732 0.4754 3.2652 15.4600 24.7070 
Average 11.0132 0.4306 3.2684 13.4034 21.4844 
Median 10.5103 0.4364 3.2676 13.1374 19.7144 
Minimum 9.7046 0.3919 3.2652 12.1501 17.5659 
Maximum 12.5732 0.4754 3.2715 15.4600 27.3682 
Coef. of 
Var. 
10.3739 8.2558 0.0771 9.3652 20.1782 
Std. Dev. 1.1425 0.0355 0.0025 1.2553 4.3352 
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HMPP410 
 
Test no  Time to max 
load-1 (ms) 
Maximum 
load-1 
(kN) 
Impact 
velocity-1 
(m/s) 
Total energy-
1 (J) 
Total time-1 
(ms) 
1 4.1870 0.1572 2.9742 4.2868 20.2026 
2 6.2622 0.2344 2.9690 5.1827 22.5342 
3 0.1221 0.1008 3.0627 0.0354 0.2197 
4 4.6753 0.1440 2.9700 4.4832 16.0034 
5 13.1958 0.1634 2.9745 4.0860 14.2334 
Average 5.6885 0.1599 2.9901 3.6148 14.6387 
Median 4.6753 0.1572 2.9742 4.2868 16.0034 
Minimum 0.1221 0.1008 2.9690 0.0354 0.2197 
Maximum 13.1958 0.2344 3.0627 5.1827 22.5342 
Coef. of 
Var. 
83.8276 30.1769 1.3596 56.5218 59.4777 
Std. Dev. 4.7685 0.0483 0.0407 2.0432 8.7067 
 
   113 
Glass/HMPP_150_1 
 
Test no  Time to max 
load-1 (ms) 
Maximum 
load-1 
(kN) 
Impact 
velocity-1 
(m/s) 
Total energy-
1 (J) 
Total time-1 
(ms) 
1 13.4521 0.5661 3.2825 15.0545 13.6475 
2 14.1724 0.8168 3.2773 16.4542 14.3433 
3 14.2700 0.6700 3.2775 17.2321 14.4653 
4 13.0127 0.6840 3.2828 16.3028 13.2202 
5 12.1704 0.5504 3.2743 15.4713 19.7388 
Average 13.4155 0.6575 3.2789 16.1030 15.0830 
Median 13.4521 0.6700 3.2775 16.3028 14.3433 
Minimum 12.1704 0.5504 3.2743 15.0545 13.2202 
Maximum 14.2700 0.8168 3.2828 17.2321 19.7388 
Coef. of 
Var. 
6.4735 16.3190 0.1121 5.3208 17.5837 
Std. Dev. 0.8685 0.1073 0.0037 0.8568 2.6522 
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Glass/HMPP_150_2 
 
Test no  Time to max 
load-1 (ms) 
Maximum 
load-1 
(kN) 
Impact 
velocity-1 
(m/s) 
Total energy-
1 (J) 
Total time-1 
(ms) 
1 3.6621 0.4261 3.2837 7.8398 10.6323 
2 3.5889 0.3692 3.2830 7.4996 11.8042 
3 3.6377 0.3930 3.2846 8.5224 11.9629 
4 3.5156 0.3786 3.2842 8.9546 18.9697 
5 3.5400 0.3501 3.2809 8.7109 19.0674 
Average 3.5889 0.3834 3.2833 8.3055 14.4873 
Median 3.5889 0.3786 3.2837 8.5224 11.9629 
Minimum 3.5156 0.3501 3.2809 7.4996 10.6323 
Maximum 3.6621 0.4261 3.2846 8.9546 19.0674 
Coef. of 
Var. 
1.7344 7.4397 0.0440 7.3711 28.7727 
Std. Dev. 0.0622 0.0285 0.0014 0.6122 4.1684 
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Glass/HMPP_410_1 
 
Test no  Time to max 
load-1 (ms) 
Maxim
um 
load-1 
(kN) 
Impact 
velocity-1 
(m/s) 
Total 
energy-1 (J) 
Total time-1 
(ms) 
1 10.4004 0.5760 3.2954 8.8608 10.5713 
2 10.6079 0.6099 3.2906 10.9039 10.7666 
3 11.5112 0.6093 3.2784 11.0092 11.6821 
4 10.1074 0.6868 3.2941 10.7094 10.2539 
5 13.5986 0.8828 3.2903 14.3076 13.7695 
Averag
e 
11.2451 0.6730 3.2898 11.1582 11.4087 
Median 10.6079 0.6099 3.2906 10.9039 10.7666 
Minimu
m 
10.1074 0.5760 3.2784 8.8608 10.2539 
Maxim
um 
13.5986 0.8828 3.2954 14.3076 13.7695 
Coef. of 
Var. 
12.5949 18.4465 0.2041 17.6331 12.4696 
Std. 
Dev. 
1.4163 0.1241 0.0067 1.9675 1.4226 
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Glass/HMPP_410_1 
 
Test no  Time to max 
load-1 (ms) 
Maxim
um 
load-1 
(kN) 
Impact 
velocity-1 
(m/s) 
Total 
energy-1 (J) 
Total time-1 
(ms) 
1 7.4341 0.6964 3.2793 21.3986 18.2739 
2 10.0098 0.7924 3.2820 18.5953 13.9282 
3 9.0820 0.7300 3.2827 21.1979 17.7368 
4 8.7891 0.7484 3.2922 18.7750 13.3667 
5 9.5337 0.7293 3.2873 18.7205 16.5527 
Averag
e 
8.9697 0.7393 3.2847 19.7375 15.9717 
Median 9.0820 0.7300 3.2827 18.7750 16.5527 
Minimu
m 
7.4341 0.6964 3.2793 18.5953 13.3667 
Maxim
um 
10.0098 0.7924 3.2922 21.3986 18.2739 
Coef. of 
Var. 
10.8709 4.7516 0.1546 7.2351 13.9002 
Std. 
Dev. 
0.9751 0.0351 0.0051 1.4280 2.2201 
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APPENDIX F – Cylinder Crushing Results 
HMPP410 Cylinder no.1 @ 200mm / min 
 
 
 
Name Value Units 
Specimen Height 1 100 mm 
Specimen Height 2 100 mm 
Specimen Height 3 100 mm 
Diameter 1 60 mm 
Diameter 2 60 mm 
Diameter 3 60 mm 
Area 7853.98 mm^2 
Peak Load 17641 N 
Peak Stress 2.25 MPa 
Elongation at Peak 6.15 mm 
%Strain At Peak 10.25 % 
Compression Modulus **** MPa 
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HMPP410 Cylinder no.2 @ 400mm / min 
 
 
 
Name Value Units 
Specimen Height 1 100.00 mm 
Specimen Height 2 100.00 mm 
Specimen Height 3 100.00 mm 
Diameter 1 60.00 mm 
Diameter 2 60.00 mm 
Diameter 3 60.00 mm 
Area 2827.43 mm^2 
Peak Load 11605 N 
Peak Stress 4.10 MPa 
Elongation at Peak 12.34 mm 
%Strain At Peak 12.34 % 
Compression Modulus **** MPa 
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Glass/HMPP410 Cylinder no.1 @ 400mm / min 
 
 
Name Value Units 
Specimen Height 1 100.00 mm 
Specimen Height 2 100.00 mm 
Specimen Height 3 100.00 mm 
Diameter 1 60.00 mm 
Diameter 2 60.00 mm 
Diameter 3 60.00 mm 
Area 2827.43 mm^2 
Peak Load 26077 N 
Peak Stress 9.22 MPa 
Elongation at Peak 3.33 mm 
%Strain At Peak 3.33 % 
Compression Modulus 330 MPa 
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Glass/HMPP410 Cylinder no.2 @ 400mm / min 
 
 
Name Value Units 
Specimen Height 1 100.00 mm 
Specimen Height 2 100.00 mm 
Specimen Height 3 100.00 mm 
Diameter 1 60.00 mm 
Diameter 2 60.00 mm 
Diameter 3 60.00 mm 
Area 2827.43 mm^2 
Peak Load 24037 N 
Peak Stress 8.50 MPa 
Elongation at Peak 4.54 mm 
%Strain At Peak 4.54 % 
Compression Modulus 231 MPa 
 
